Open cell porous metals are excellent electrode materials due to their unique electrochemical properties. However, very little research has been conducted to date on the mass transport of porous metals manufactured by the space holder methods, which have distinctive porous structures. This paper measures the mass transfer coefficient of porous nickel manufactured by the Lost Carbonate Sintering process. For porous nickel samples with a porosity of 0.55-0.75 and a pore size of 250-1500 mm measured at an electrolyte flow velocity of 1-12 cm s À1 , the mass transfer coefficient is in the range of 0.0007-0.014 cm s À1 , which is up to seven times higher than that of a solid nickel plate electrode. The mass transfer coefficient increases with pore size but decreases with porosity. The porous nickel has Sherwood numbers considerably higher than the other nickel electrodes reported in the literature, due to its high real surface area and its tortuous porous structure, which promotes turbulent flow.
Introduction
Porous metals have attracted considerable attention in academia and industry due to their unique combinations of material and structural characteristics, including high surface area, good catalytic ability, high permeability, light weight, good mechanical properties, and so on. [1] [2] [3] [4] [5] [6] [7] [8] [9] Open-cell porous metals have been regarded as excellent electrode materials in energy generation and storage. [9] [10] [11] [12] Mass transfer in porous electrodes, that is, the movement of a chemical species from bulk solution to the surface of porous matrix, [13] is critical for the electrochemical reaction, because it is normally the rate-determining step. [14] According to Fick's law, the rate of mass transfer is proportional to the difference between the concentrations in the bulk solution and at the electrode surface and the interfacial area, with the proportionality coefficient being referred to as mass transfer coefficient. The mass transfer coefficient has a significant effect on the performance of the porous electrode.
The mass transfer performance of an electrode is often characterized by the product of mass transfer coefficient and effective surface area of the electrode. The mass transfer property of various porous metal electrode materials has been studied during the past few decades. Marracino et al. [15] studied the mass transfer performance of a porous nickel with a high porosity (0.95-0.96) and found that the mass transfer performance of the porous nickel electrodes is about 10 times higher than that of the micromesh expanded nickel electrodes. Langlois and Coeuret [16] and Connect et al. [17] studied the SOR-AREC porous nickel which is manufactured by a metal decomposition method. [18] They reported that the mass transfer coefficient of this type of porous nickel decreases with pore size. Zhou et al. [19] investigated porous copper fiber sintered felt (PCFSF) with three different porosities (0.7, 0.8, and 0.9) and found that a porosity of 0.8 gave the best mass transfer property.
The good mass transport performance of porous metals is mainly derived from their high surface areas. Recio et al. [20] demonstrated that a nickel electrode made by electrodepositing nanostructured Ni on a stainless steel plate had mass transfer performance nearly 23 times that of a mirror polished nickel electrode, due to increased effective surface area. The mass transfer performance of electrodes is also affected by fluid conditions. Using turbulence promoters (TP) can increase the mass transfer coefficient by 1.7-3.8 times. [20] [21] [22] Increasing the electrolyte flow velocity can improve the mass transfer performance, but it is not always feasible due to high flow resistance and pumping power constraints. [23] Porous structures vary dramatically with manufacturing processes. [9, [24] [25] [26] Although several types of porous metals have been demonstrated to have attractive electrochemical properties, no research has been published to date on the mass transfer properties of porous metals manufactured by the space holder methods. This type of porous metals has unique porous structures with high specific surface areas and is expected to have superior mass transfer performance as electrode materials. [27] This paper investigates the mass transfer coefficient of porous nickel manufactured by the Lost Carbonate Sintering (LCS) process at different electrolyte flow velocities. The LCS process is a representative space holder method for manufacturing porous metals. [28, 29] The LCS porous nickel has a highly controllable open-cell structure with a wide range of porosity and pore size. This work studies the effects of porosity and pore size on mass transfer coefficient and compares the mass transfer performance of the LCS nickel with other porous nickel electrodes reported in the literature.
Experimental Methods
Preparation of Nickel Electrodes: A solid nickel plate with a thickness of 1 mm and surface area of 2.8 cm 2 was used as a comparator. It was first ground by silicon carbide papers (grades 120, 600, and 1200) to achieve a finish about 15 mm, then polished by oil-lubricated diamond compounds on a woven cloth substrate to achieve a finish of 1 mm, and finally polished by 0.04 mm silk-type cloth pad before use.
Eighteen porous nickel samples, with porosity ranging from 0.55 to 0.75 and pore size ranging from 250 to 1500 mm, were manufactured by the LCS process. [28, 29] The samples were cut by an electrical discharge machine (Prima E250, ONA Ltd., Bristol, UK) into a cylindrical shape with a diameter of 6 mm and a length of 5 mm. Figure 1 shows a typical microstructure of the LCS porous nickel.
Before electrochemical tests, the porous nickel and nickel plate samples were first washed by 10% HCL solution to remove oxides on the surface and then rinsed in distilled water. The porous samples were placed in an agitated sacrificial electrolyte solution before being transferred to the electrochemical cell, in order to improve the infiltration of electrolyte in the pores.
Surface Areas Measurement: The geometric surface area of the LCS porous nickel samples was measured by the quantitative stereology method. The real surface area was measured by the double layer capacitance method. The detailed information of the measurement methods can be seen in published work. [1] For real surface area measurement, it should be noticed that the double layer capacitance of the LCS porous nickel was equal to half of the difference rather than the difference between the charge and discharge current over the applied scan rate. A typical plot for the LCS porous nickel sample in real surface area measurement at a scan rate range of 0.05-0.5 V s À1 can be seen in Figure 2 . The counter electrode was Pt coil and the reference electrode was Saturated Calomel Electrode (SCE). The electrolyte was 8 M KOH. The specific capacitance of nickel in 8 M KOH is about 28 mF cm À2 . [30] Mass Transfer Measurement: Experimental Apparatus: Figure 3a is a schematic diagram of the mass transfer experimental apparatus. It consists of a plastic electrolyte reservoir, a peristaltic pump (Masterlex L/S Computer-Compatible Digital Pump), a three electrode cell, a potentiostat (Autolab PGSTAT101), and a computer. The sample to be tested served as the working electrode. A water proof shrinkage tube was used to connect the porous nickel sample to an acrylic tube with an outer diameter of 6 mm (Figure 3b ). The nickel plate was inserted into the acrylic tube, parallel to the tube and the flow of the electrolyte (Figure 3c ). The electrolyte was forced to pass through the porous electrode, or flow past the solid plate electrode, and exhausted by the peristaltic pump.
Limiting Current Technique: The limiting current technique was used to measure the mass transfer coefficient. The electrochemical reaction used in this work was the reduction of the ferricyanide ion:
A 1M Na 2 CO 3 was used as the background electrolyte. In characterizing the nickel plate electrode, the electrolyte contained 10 À3 M K 3 Fe(CN) 6 and 10 À2 M K 4 Fe(CN) 6 . In characterizing the LCS porous nickel electrodes, the concentrations of the reactive species were reduced by 10 times and the electrolyte contained 10 À4 M K 3 Fe(CN) 6 and 10 À3 M K 4 Fe(CN) 6 . This is because porous metals have high surface areas, [1] which can generate high currents, causing distortions in the measurements due to uncompensated solution resistance. Reducing the concentrations of the reactive species eliminated the effect of uncompensated solution resistance. [31] The limiting current was measured by linear sweep voltammetry at a scan rate of 5 mV s À1 , with an applied potential in the range from 0.2 V to À1.2 V.
Determination of Mass Transfer Coefficient: Figure 4 shows a typical current-potential plot of a LCS porous nickel electrode. There are three regions in the curve, that is, hydrogen evolution, mass transfer control, and mixed control regions, which signify different transfer mechanisms. The limiting current, I L , was determined from the mass transfer region and the mass transfer coefficient, k, was calculated by:
where n is the number of electrons exchanged in the reaction (n ¼ 1 for Eq. 2), F is the Faraday constant, A is the real surface area of the working electrode, and C is the bulk concentration of the electroactive species. The error of the mass transfer coefficient value mainly resulted from the error of the experimental measurement of limiting current, which was about 5%. www.advancedsciencenews.com www.aem-journal.com surface area, and volumetric real surface area. The actual porosity of a sample is slightly different from the nominal porosity, depending on the manufacturing conditions. Volumetric surface areas designate surface areas per unit volume of sample. The geometric surface area is the surface area of the primary pores formed by the decomposition of the space holder particles, assuming a smooth surface. The real surface area takes into account all the surface area that can be reached by the electrolyte and contribute to the electrochemical reactions. Figure 5 shows the variations of the mass transfer coefficient with sample porosity at different electrolyte flow rates in the range of 0.28-1.87 mL s À1 for LCS porous nickel samples with various pore size ranges. For the conditions investigated in this work, the mass transfer coefficient of the LCS porous nickel is in the range of 0.00069-0.0135 cm s
Results and Discussion

Effects of Porosity and Pore Size
À1
. For any given electrolyte flow rate, the mass transfer coefficient decreases with porosity, more pronounced at high electrolyte flow rates than at low flow rates. Comparing Figure 5ad shows that the mass transfer coefficient increases with pore size for the samples with a fixed porosity and electrolyte flow rate. The reason behind the effects of porosity and pore size will be discussed in Section 3.3.
Effect of Flow Velocity
It is shown in Figure 5 that the mass transfer coefficient of the LCS porous nickel samples increases with the electrolyte flow rate. While it is convenient to describe the mass transfer performance of a porous sample at an overall electrolyte flow rate, the effect of flow rate is better understood by the resultant flow velocity in the pore channels. The internal flow velocity, u, can be determined by:
where Q is the flow rate of the electrolyte, A C (0.283 cm 2 ) is the cross-sectional area of the flow channel, that is, the acrylic tube, and e is the porosity of the porous nickel sample. Figure 6 shows the variations of the mass transfer coefficient of the porous nickel samples with internal flow velocity, plotted in the logarithmic scale. The data for the solid nickel plate are also presented for comparison. The mass transfer coefficient increases exponentially with electrolyte flow velocity, which agrees well with the literature. [17, 20] The relation between mass transfer coefficient, k, and internal flow velocity, u, can be described by [16, 17] :
where a is a constant associated to the structural properties of the working electrode and b is a constant dependent on the www.advancedsciencenews.com www.aem-journal.com hydrodynamic regime. The value of the exponent b can serve as an indicator of the nature of the flow. [20] The value of b is higher in a turbulent flow than in a laminar flow. [32] 3.3. Interpretation of the Effects of Porosity and Pore Size Figure 7 shows the variations of the pre-exponential constant, a, and the exponent, b, in Equation 4 as a function of geometric surface area for the LCS porous nickel samples. The values of a and b were obtained from Figure 6 and the values of the geometric surface area are shown in Table 1 . It is shown that the pre-exponential constant a and the exponent b are strongly correlated with the geometric surface area. The higher the volumetric geometric surface area, the lower the pre-exponential constant a and the exponent b.
The effect of geometric surface area on the constant a may arise from its effect on the spatial distribution of the electrolyte in the porous channels. For a fixed porosity, different geometric surface areas lead to different depths of electrolyte in the porous channel. A higher volumetric geometric surface area means a thinner electrolyte near the surface of the metal matrix, that is, the electrolyte being spread more thinly against the surface. If the depth of the electrolyte becomes comparable to or even thinner than the Nernst diffusion layer, [1, 33] it can cause exhaustion of the reactive species. This may effectively lead to a reduced bulk concentration of the reactive species, which in turn can result in a reduced pre-exponential constant.
Geometric surface area is probably not a direct causative parameter for the exponent b. The exponent is an indicator of flow turbulence, [20] which is more likely affected by the tortuosity of the porous structure. Tortuosity of a porous medium characterizes the convoluted pathways, or channels, formed by pores through the porous medium. It is defined as the ratio of the average length of pathways between two points to the straight-line distance between the points in the porous medium. Lower porosities and large pores in LCS porous metals generally result in high tortuosity values. [34] At the same time, Lower porosities and large pores lead to lower volumetric geometric surface area. A low volumetric geometric surface area is therefore associated with a high tortuosity and high turbulence, resulting in a high exponent value. Figure 7 also shows that the effects of porosity and pore size on the constants are different, although both affect the volumetric geometric surface area. The pre-exponential constant a increases significantly with pore size but does not change much with porosity for any given pore size. The effect of pore size can be explained by the relative magnitudes of the electrolyte reservoir and the diffusion layer. On the one hand, smaller pores www.advancedsciencenews.com www.aem-journal.com Figure 6 shows that nearly all the LCS porous nickel samples have higher mass transfer coefficients (up to seven times) than the solid nickel plate at the same electrolyte flow velocities. This is very likely because the LCS porous structure promotes a highly turbulent flow, which is well known to lead to a high mass transfer coefficient. [32] The exception is the samples with the smallest pores of 250-425 mm at low electrolyte velocities, which have mass transfer coefficients similar to those of the nickel plate at the same velocity (Figure 6a ). This is because the flow within the LCS porous nickel samples with small pores may remain laminar at low flow velocities, as in the case of the flow on the surface of a nickel plate.
Comparison with the Solid Nickel Electrode
The mass transfer performance of porous electrodes depends not only on the mass transfer coefficient but also on the internal surface area. The mass transfer performance is described by the product of the mass transfer coefficient and the real surface area (kA). The volumes of the porous nickel samples and nickel plate used in this study are almost identical, about 0.14 cm 3 . The porous nickel samples have a geometric surface area in the range of 2.83-13.56 cm 2 and a real surface area in the range of 45-135 cm 2 , which are about 1-5 times and 16-50 times of the surface area of the solid nickel plate (2.8 cm 2 ). Given that the porous nickel samples have a mass transfer coefficient 1-7 times of that of the solid nickel plate at the same electrolyte flow velocities, the mass transfer performance (kA) of the LCS porous nickel can be up to 300 times better than the solid nickel plate.
The limiting current can also be used as a direct indicator of the mass transfer performance, provided the electrodes to be compared are measured under the same conditions with the same electrolyte concentrations. The maximum limiting current of the porous nickel samples was 0.0131 A, which is about 30 times of the limiting current of the nickel plate measured at the same electrolyte velocity (0.0046 A). However, the concentration of Ferricyanide used in the measurements for the nickel plate was 10 times higher than that used in the measurements for the porous nickel samples. The mass transfer performance of the porous nickel is therefore up to 300 times better than the solid nickel plate, the same conclusion as reached by comparing kA.
The value of pre-exponential constant a for the solid nickel working electrode is 0.00078, which is higher than the a values of the LCS porous nickel samples with the smallest pore size (250-425 mm) but lower than those of the porous samples with larger pore sizes (Figure 7a ). The value of exponent b for the solid nickel working electrode is 0.37, which is similar to the value reported in the literature for a fully developed laminar flow (%0.33). [32] This indicates that, in the range of flow velocity studied in this work (1-12 cm s À1 ), the electrolyte flow on the surface of the nickel plate remains laminar. The values of b for the porous nickel electrodes, however, are much higher, ranging from 0.57 to 1.03 (Figure 7b ). The flow within the LCS porous structure can change to turbulence flow, due to the highly tortuous nature of the pore channels. Figure 8 replots the constant b values against the porosity values of the LCS porous nickel samples. It is interesting to note that the trend lines for the samples with pore sizes of 250-425 mm, 425-710 mm, and 710-1000 mm approach 0.37 at a porosity of 1, that is, the b value of the nickel plate, which can be seen as a "porous sample" with a porosity of 1. The data points for the samples with a [23] nanostructured Ni in the absence and presence of a TB, [20] Ni foam MN020, MN060, and MN100. [17] www.advancedsciencenews.com www.aem-journal.com pore size of 1000-1500 mm do not show a clear trend, because the pore size is about one sixth of the diameter of the sample and the random arrangement of pores can result in significant experimental variability. Figure 8 shows that the constant b decreases with porosity but increases with pore size. As a general trend, the enhancement of the mass transfer coefficient therefore decreases with porosity but increases with pore size ( Figure 5 ). As discussed previously in Section 3.3, this is because tortuosity of the porous samples generally increases with decreasing porosity and increasing pore size and a high tortuosity in turn increases flow turbulence. [34] 
Comparison with Other Nickel Electrodes
Mass transfer to a porous electrode can be characterized by threedimensionless parameters, namely the Sherwood (Sh), Reynolds (Re), and Schmidt (Sc) numbers:
Re ¼ vd e y ð6Þ
where k is the mass transfer coefficient, d e is the diameter of the flow channel, D is the diffusion coefficient of electroactive species, y is the kinematic viscosity of the electrolyte, and n is the superficial or Darcian flow velocity of the electrolyte, which is simply the flow rate divided by the cross-sectional area of the sample or the flow channel. In this work, the diameter of the flow channel d e ¼ 0.6 cm, the diffusion coefficient of ferricyanide ion D ¼ 6:4 Â 10 À6 cm 2 s À1 and the kinematic viscosity of the electrolyte y ¼ 9:56 Â 10 À3 cm 2 s
À1
. [20] It should be noted that in calculating the Sherwood number (Eq. 5) for the LCS porous nickel sample, the geometric surface area was used for calculating the mass transfer coefficient, k, instead of the real surface area as in Equation 2 . This is to facilitate comparison with other electrode materials, because geometric surface area was often used to characterize the mass transfer performance of different types of electrodes in the literature. Figure 9a shows the correlations between Sherwood and Reynolds numbers for the LCS porous nickel samples. The Sherwood number increases exponentially with the Reynolds number in the range of 60-415. The sample with a low porosity of 0.55 and a large pore size of 1000-1500 mm shows the highest Sherwood number (5770-40429), while the sample with a high porosity of 0.75 and a small pore size of 250-425 mm shows the lowest Sherwood number (315-942). Figure 9b compares the LCS porous nickel electrode with a number of other nickel electrodes and shows that the LCS porous nickel has superior performance in terms of the Sherwood number in a modest range of Reynolds number.
The relationship among the dimensionless parameters at a constant temperature can be expressed as [21] [22] [23] 35, 36] :
where a is a constant associated to the geometry and structure of the electrode and b is a constant dependent on the hydrodynamic regime. Constant b is the same as the constant b in Equation 4 . Constant a is different from but related to the pre-exponential constant a in Equation 4 . Table 2 shows the values of a and b for the LCS porous nickel samples, obtained by fitting the experimental data to Equation 8 . Constant a generally increases with pore size except for two samples. The two exceptions are likely due to the experimental errors or variability. The effect of porosity on constant a shows no clear trend. Constant b increases with pore size but decreases with porosity. Table 3 shows the values of a and b for the LCS porous nickel samples in comparison with various nickel electrodes taken from the literature. The values of constant a of the LCS porous nickel samples are about 100-350 times higher than that of the nickel plate [23] and about 3-8 times higher than those of the nickel foams with a high porosity of 0.97. [17] This is because Ni plate [23, 32] No the LCS porous nickel has a large effective (real) surface area, which is about one to two orders of magnitude higher than its geometric surface area (see Table 1 ). For the nanostructured nickel electrode which was reported with a high effective surface area, [20] the values of constant a are comparable to that of the LCS porous nickel samples.
The values of constant b of the LCS porous nickel samples are similar to that of the nickel plate under turbulent flow but higher than that of the nickel plate under laminar flow. [32] They are considerably higher than those of the nickel foams [17] and the nanostructured nickel. [20] 4. Conclusions . It increases with pore size and decreases with porosity. 3) At low flow velocities, the mass transfer coefficient is similar to that of the nickel plate. At high flow velocities, it can be up to seven times larger than that of the nickel plate due to turbulence. The mass transfer performance (kA) of the LCS porous nickel samples is up to 300 times better than the nickel plate. 4) The LCS porous nickel has higher Sherwood numbers than many other nickel electrodes in the modest range of Reynolds number, due to its high real surface area and its tortuous porous structure, which promotes turbulent flow.
